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35, 38) of diabetes with both hyper-and hypoinsulinemia, and it contributes to hyperglycemia by augmenting EGP. Because of the multiple physiological abnormalities in diabetic patients and most animal models, it is difficult to determine the relative contribution of hyperglucagonemia to loss of glycemic control. In this study, we examined the effect of a sustained glucose load on islet ␣-and ␤-cell function in normal, healthy rats. In our glucose-infused rats, hyperglycemia, hyperglucagonemia, and excessive hepatic glucose production developed after 8 days. Our study stands in contrast to animal studies in which inappropriately elevated glucagon levels occurred concurrently with hypoinsulinemia resulting from streptozotocin treatment (7, 8, 30) and implies that hyperglucagonemia and inappropriate hepatic glucose output may play a causative role in hyperglycemia even in the setting of hyperinsulinemia.
A chronic, intravenous, glucose-infused (CIGI) rat model was used to assess whether a sustained increase in the rate of glucose appearance per se could impair islet function. An advantage of the CIGI rat is that, unlike models that raise glucose appearance by either impairing ␤-cell function or increasing insulin resistance, the effect of increased glucose load is direct. Dual intravenous catheters, one for infusion and one for plasma sampling, were placed in healthy, awake, adult Sprague-Dawley rats with free access to food and water. Rats were infused over a period of 10 days with either glucose or an equal volume of half-normal saline. The CIGI rats progressively adapted to the infusion and achieved a new steady state of glycemia on the 4th day that was sustained until the 8th day of infusion when they consistently developed hyperglycemia, hyperglucagonemia in the setting of hyperinsulinemia, and excessive hepatic glucose production. Herein we report our findings of the CIGI rat during the transition from adaptation to overt hyperglycemia.
MATERIALS AND METHODS

Animals.
Normal male Sprague-Dawley rats (Charles River, Wilmington, MA) weighing ϳ300 g were housed in a 12:12-h dark-light cycle. Animals underwent surgery for the placement of indwelling femoral and jugular venous catheters using 50-and 90-gauge polyethylene tubing, respectively, and were allowed to recover for Ն3 days in individual cages. The rats were harnessed, and the two catheters, protected by a flexible spring, were attached to a dual channel swivel on a balanced lever arm (Instech Solomon, Plymouth Meeting, PA). This arrangement enabled the rodents to have full access to the cage during the infusion. Calibrated syringe pumps (Harvard Apparatus, Holliston, MA) were used to infuse all rats at the same constant rate of 0.49% NaCl or either 2.5 (CIGI-low) or 3.3 (CIGI-high) g·kg Ϫ1 ·h Ϫ1 dextrose (0.35 and 0.5 g/ml, respectively) through the 50-gauge catheter throughout the study. Half-normal saline was used instead of normal saline to reduce the possibility of activating the renin-angiotensin system with a large sodium load, leading to confounding physiological changes. Daily blood samples were collected from the 90-gauge catheter into prechilled tubes containing aprotinin. Plasma was separated by centrifugation and stored at Ϫ80°C. The patency of the blood sampling catheter was maintained with a constant (0.25 ml/h) infusion of heparinized saline (1.25 U/h) using Razel pumps (Mansfield, St. Albans, VT). Intake of regular chow (Harlan-Teklad 2018, 77% carbohydrate-5% fat-18% protein) was monitored daily. The daily total caloric intakes were calculated based on the nutritional composition of the chow consumed plus the additional caloric input from the infusion. Rats were fasted overnight (14 -16 h) where designated. All protocols were approved by the Yale University Animal Care and Use Committee.
Biochemical analysis of plasma. Plasma glucose concentrations were measured using the glucose oxidase method on a Beckman Glucose Analyzer II (Beckman Instruments, Fullerton, CA). Insulin was measured using normal range ELISA kits (Mercodia, Uppsala, Sweden). Glucagon and amylin were measured by LINCOplex assay (Millipore, Billerica, MA). C-peptide and corticosterone were measured via RIA (Millipore). Chemistry analysis to measure plasma triglyceride, nonesterified fatty acid, sodium, potassium, chloride, albumin, alanine aminotransferase, and ketone concentrations was performed using the COBAS MIRA Plus (Roche Diagnostics, Pleasanton, CA).
EGP. After an overnight fast prior to days 0, 4, or 8, the harnessed rats had three plasma samples collected in the basal state without discontinuation of the glucose infusion (Ϫ30, Ϫ20, and Ϫ5 min). [6,6- 2 H2]glucose without the infusion rate being altered. Plasma was obtained after steady state was reached at 60, 75, and 90 min. Samples were deproteinized with 5 volumes of 100% methanol, dried, and derivatized with 1:1 acetic anhydride-pyridine to produce the pentacetate derivative of glucose. The atom percent enrichment of glucose M ϩ 1 and M ϩ 2 were measured by GC-MS using a Hewlett-Packard 5890 gas chromatograph interfaced to a Hewlett-Packard 5971A mass-selective detector operating in the electron-ionization mode (3). Glucose M ϩ 1 and M ϩ 2 enrichments were determined from the mass-to-charge ratios 201-200 and 202-200 respectively. EGP was calculated using Steele's equation (39) .
Intravenous glucose tolerance test. Rats were fasted overnight prior to intravenous glucose tolerance test (IVGTTs) on days 0, 4, or 8. A 1 g/kg dextrose bolus was administered through the femoral venous catheter, and samples were collected at 0, 2.5, 5, 10, 15, 20, 30, 45, 60, and 90 min for measurement of plasma glucose and insulin concentrations. The basal glucose infusion rate was not altered. Insulin area under the curve (AUC) from time point a (timea) to subsequent time point b (time b) was calculated using the following formula: total insulin AUC ϭ Α [(time a Ϫ timeb) ϫ ½ (insulina ϩ insulinb)]. The baseline insulin AUC and insulin AUC above baseline were calculated as follows: baseline insulin AUC ϭ 90 min ϫ insulin time 0, insulin AUC above baseline ϭ total insulin AUC Ϫ baseline insulin AUC. First-phase insulin AUC was calculated with data from 0 to 15 min using the above formulas.
Glucagon antibody study. Following an overnight fast, on day 8, an EGP assay was performed on fasted hyperglycemic rats (plasma glucose Ն200 mg/dl). Immediately afterward, an intravenous injection of an anti-glucagon or a control antibody (anti-DNP, 4 mg/kg) was administered (a kind gift from Erica Nishimura at Novo Nordisk). Six hours later, a second EGP assay was performed. Glucose infusion was continued, and plasma was obtained 24 h after antibody treatment for plasma glucose and insulin measurement. The animal was euthanized immediately.
Tissue analysis. At the end of infusions, animals were euthanized using pentobarbital sodium and tissues harvested in situ and frozen in a liquid nitrogen bath. Samples were powdered in a prechilled mortar and pestle and stored at Ϫ80°C for further processing. Liver glycogen content was measured by digesting liver homogenates with amyloglucosidase and measuring the resulting glucose concentration with the Beckman glucose analyzer (18) . Liver triglyceride was measured using a DCL Triglyceride Reagent (Diagnostic Chemicals, Oxford, CT). Liquid chromatography-mass spectrometry-mass spectrometry was performed to measure long-chain fatty acyl-CoA and diacylglycerol content, as described previously (44) . To measure liver mRNA levels, cDNA was extracted using the Qiacube (Qiagen, Valencia, CA), and reverse transcription was performed with the Peltier Thermal Cycler (MJ Research, Waltham, MA). mRNA was quantified using the 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). Liver proteins were detected by Western blot, loading 30 -50 g of protein lysate on a 4 -12% Tris-glycine gel (Invitrogen, Carlsbad, CA) and transferring to a polyvinylidene difluoride membrane (Millipore). The membranes were incubated with a sheep polyclonal cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C) antibody (a kind gift from Daryl Granner at Vanderbilt University Medical Center) and a goat anti-mitochondrial phosphoenolpyruvate carboxykinase (PEPCK-M) antibody (Abcam, Cambridge, MA). Rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (Abcam) was used as a loading control. The blots were developed and quantified using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA) software.
Statistics and data analysis. Because of the technical challenges of this model, the study was performed as an intention to treat analysis. If an infusion line was lost, all data were kept up until the time of line closure. Similarly, if a sampling line was lost part of the way through the study, the infusion was continued, but the rodent was used only for the end-point tissue analysis study. All data are reported as means Ϯ SW. Unpaired two-tailed Student t-tests and one-way ANOVA were performed using the Prism software package version 5 (GraphPad, La Jolla, CA). Mixed-model analysis was performed using the IPSS software package. Differences were considered to be significant at P Ͻ 0.05.
RESULTS
CIGI rats have modestly increased total caloric balance with compensating decreases in food intake. Rats infused with glucose at both 2.5 and 3.3 g·kg Ϫ1 ·h Ϫ1 (CIGI-low and CIGIhigh, respectively) had on average a 45% increased caloric balance compared with saline-infused controls over the duration of the experiment (Fig. 1A) . Both CIGI groups significantly decreased their chow intake at the outset of the infusion inversely to the rate of glucose infusion such that there was no difference in total caloric balance between them. The total carbohydrate balance was roughly double in the CIGI rats, with no difference (P ϭ 0.35) between the CIGI-low and -high groups (Fig. 1B) .
After adaptation, CIGI-high rats develop hyperglycemia. Throughout the duration of the saline infusion, there was no significant change in the fed plasma glucose or insulin concentrations (Fig. 2, A and B) . In contrast, on day 1 of the infusion, both CIGI groups experienced significant hyperglycemia. By day 4, both glucose-infused groups had established a new steady state with glucose levels Ͻ200 mg/dl and a nadir by day 5 (CIGI-low 179 Ϯ 9 mg/dl vs. CIGI-high 171 Ϯ 4 mg/dl, P ϭ 0.53), which was only moderately elevated compared with saline-infused rats (147 Ϯ 8 mg/dl, P Ͻ 0.05) ( Fig. 2A) . The improvement in glucose homeostasis was accompanied by a steady reduction in insulin (Fig. 2B ) but no change in food intake. The CIGI-low rats maintained their "adapted" plasma glucose levels throughout the duration of the 10-day infusion, with a gradual reduction in plasma insulin concentrations. In contrast, despite having the same adapted plasma glucose concentrations as the CIGI-low rats, beginning on day 7 the CIGI-high rats became progressively more hyperglycemic, with increasing plasma insulin levels. By day 7 the average plasma insulin level of CIGI-high rats was twice that of CIGI-low rats (230 Ϯ 39 vs. 116 Ϯ 13 U/ml, P Ͻ 0.001) and 10 times that of the saline group (22 Ϯ 7 U/ml, P Ͻ 0.001). Following the adaptive period (i.e., after day 4), by the end of the study none of the control rats became hyperglycemic (i.e., glucose Ն200 mg/dl), whereas 14% of the CIGI-low and 89% of the CIGI-high rats were hyperglycemic.
CIGI-high rats at the transition to hyperglycemia. To target the transition between adaptation and hyperglycemia for closer investigation, infusion days 4 and 8 were selected for closer study. These days represent important points during the progression to worsening hyperglycemia since all CIGI-high rats were adapted on day 4 and 69% had developed frank hyperglycemia by day 8, with all but 11% becoming hyperglycemic over the following 2 days. Compared with baseline and salineinfused controls, fasting plasma electrolytes and corticosterone were not significantly elevated on day 8 of glucose infusion (Table 1) . Plasma albumin dropped between day 0 and day 8 of glucose infusion, consistent with reduced protein intake, as shown in Fig. 1A . Consistent with normal liver function and insulin action, reductions were also measured in plasma, alanine aminotransferase, ketones, triglycerides, and nonesterified fatty acids. On days 0, 4, and 8 following an overnight fast, fasting plasma glucose and insulin concentrations in the CIGIhigh rats were similar to the fed values ( Figs. 2A and 3A) . Despite the 80 mg/dl increase in fasting plasma glucose concentrations between days 4 and 8 (Fig. 3A) , there was no decrement in insulin, C-peptide, or the insulin/C-peptide ratio to account for the worsening hyperglycemia (Fig. 3, B and C) . Like insulin, plasma amylin was also increased in the CIGIhigh rats (Fig. 3D) . The incremental response in plasma glucose concentrations during an IVGTT (1 g/kg) was indistinguishable between days 4 and 8, although glucose clearance was slightly delayed compared with day 0 (Fig. 4A) . Surprisingly, despite worsening hyperglycemia, on day 8 the CIGI-high rats had the highest plasma insulin levels throughout the IVGTT (Fig. 4B) , not suggesting a decline in glucose-stimulated ␤-cell performance compared with day 4. Total first-phase insulin was increased significantly on both day 4 and day 8 in an IVGTT, but after accounting for the already high baseline insulin secretion, there was no difference in the acute response to glucose between days 0, 4, and 8 (Fig. 4C) . The majority of plasma insulin measured during the IVGTT in glucose-infused animals was the result of increased basal secretion. Basal insulin accounted for 87% of the total insulin AUC on day 4 and 77% on day 8 compared with 21% on day 0 (Fig. 4D) . The total AUC insulin secretion above baseline trended higher in the day 8 CIGI-high rats (Fig. 4, D and E) . Thus, after 8 -10 days of glucose infusion, the CIGI-high rats developed worsening hyperglycemia that was not associated with any demonstrable decrement in either basal or stimulated insulin secretion.
By day 4, the fasted CIGI-high rats had appropriately suppressed plasma glucagon concentrations and suppressed EGP (Fig. 3, E and F) . However, by day 8, plasma glucagon concentrations increased fivefold and EGP increased threefold (Fig. 3, E and F) in CIGI-high rats. There was a trend toward increased hepatic glycogen content on both days 4 and 8 relative to day 0 (Fig. 5A) ; however, there were no significant differences in hepatic triglyceride, long-chain CoAs, or diacylglycerol content over the course of the infusion (Fig. 5, B-D) .
Glucose infusion is associated with variations in gluconeogenic enzymes. The hepatic expression and protein levels of several enzymes implicated in the regulation of gluconeogenesis were studied. There was no change in mRNA for glucose-6-phosphatase or fructose-1,6-bisphosphatase over the course of the glucose infusion (Fig. 6, A and B) . The mRNA and protein of PEPCK-C decreased as the infusion continued (Fig.  6 , C, E, and F), whereas PEPCK-M trended up at the mRNA and, to a lesser extent, protein levels (Fig. 6, D , E, and G). Glucagon is an essential cause of hyperglycemia in the CIGI-high rat. To assess whether ␣-cell dysfunction leading to increases in plasma glucagon concentrations was responsible for the increased EGP in the CIGI-high rat, we administered a monoclonal antibody against glucagon (36) to hyperglycemic CIGI-high rats on day 8. Fasting plasma glucose and insulin levels were identical prior to antibody administration (Fig. 7, A  and B) . CIGI-high rats receiving a control antibody had a progressive rise in plasma glucose and insulin concentrations following treatment. In dramatic contrast, within 6 h the A: glycogen (n ϭ 5 each day). There were no significant differences between days 4 and 8 by 2-tailed unpaired Student t-test. B: triglycerides [n ϭ 6 (day 0), 7 (day 4), and 14 (day 8)]. C: acyl-CoA (n ϭ 5 each day). D: diacylglycerol (n ϭ 5 each day). Bars spanning between days 4 and 8 refer to P value summary from 1-way analysis of variance. *P Ͻ 0.05, **P Ͻ 0.01.
anti-glucagon antibody reduced plasma glucose concentrations by an average of 70 mg/dl, and the improvement continued to a 110 mg/dl reduction at 24 h. Thus, the consequence of neutralizing glucagon was a relative 300 mg/dl difference in plasma glucose concentrations between the control and treated groups 24 h after antibody administration (479 Ϯ 33 vs. 172 Ϯ 4 mg/dl, respectively; P ϭ 0.0002). In response to the neutralization of glucagon, plasma insulin also trended lower (Fig. 7B), suggesting that the beneficial effects of glucagon reduction were not mediated through enhanced ␤-cell activity. Plasma glucose and insulin concentrations 24 h after antibody treatment were identical to levels on day 4 (glucose after antibody 172 Ϯ 10 vs. 178 Ϯ 6 mg/dl on day 4, P ϭ 0.64; insulin after antibody 242 Ϯ 36 vs. 198 Ϯ 39 U/ml on day 4, P ϭ 0.52). Since the rate of glucose infusion was unchanged, this argues against an increase in insulin resistance accounting for the hyperglycemia and implicates excessive glucagon secretion. Blocking glucagon reduced hepatic glucose production by 60% compared with control animals after 6 h (Fig. 7C) , resulting in an ϳ20% reduction of the total rate of endogenous glucose appearance. Anti-glucagon antibody treatment was associated with a significant reduction in PEPCK-M at the expression level, whereas PEPCK-C also trended down (Fig. 8) .
DISCUSSION
The progression to T2D is generally believed to occur when the rate of glucose appearance in the blood exceeds the ability of the ␤-cell to mediate adequate glucose clearance. Our experiments were designed to establish whether extended periods of increased glucose turnover could impair islet ␣-cell and ␤-cell function in otherwise normal animals. Continuous intravenous glucose infusion increased the rate of appearance of glucose five to eight times fasting levels in normal, healthy adult Sprague-Dawley rats and consistently precipitated hyperglycemia following a period of adaptation. Surprisingly, the hyperglycemia was not associated with a decrement in either fasting or glucose-stimulated insulin secretion. Rather, hyperglycemia followed an inappropriate increase in plasma glucagon concentrations and a consequent increase EGP. Blocking the action of glucagon with an anti-glucagon antibody reversed these defects, demonstrating that the increased plasma glucagon concentrations were responsible for the increased EGP and hyperglycemia. These observations in chronically glucoseinfused rats suggest that 1) increased basal demand on the islet simulating excessive EGP is associated with inappropriately increased plasma glucagon concentrations prior to a measurable decline in insulin secretion, 2) modest increases in plasma glucagon concentrations can increase EGP sufficiently to cause hyperglycemia, and 3) hyperglycemia can occur in the absence of a detectable decrement in insulin secretion.
Fasting hyperglycemia is a cardinal feature of diabetes (1), and it can be attributable mostly to excessive EGP (4, 10, 27, Fig. 7 . Response to treatment with anti-glucagon antibodies in hyperglycemic CIGI-high rats. A: plasma glucose concentrations before and after antibody treatment. B: plasma insulin concentrations before and after treatment. C: hepatic glucose output 6 h after treatment. In A and B, open bars ϭ control group, and closed bars ϭ anti-glucagon antibody treatment group. In A-C, n ϭ 9 after 6 h and 6 after 24 h in the control group, and n ϭ 7 after 6 h and 7 after 24 h in the anti-glucagon antibody group. Significance was evaluated by 2-tailed unpaired Student t-test. *P Ͻ 0.05; ***P Ͻ 0.001; † †P Ͻ 0.01 vs. control group at baseline; ‡ ‡ ‡P Ͻ 0.001 vs. anti-glucagon antibody treated group at baseline. A: PEPCK-C expression (n ϭ 6 in each group). B: hepatic PEPCK-M expression (n ϭ 7 in each group). *P Ͻ 0.05. 43, 45) . As EGP increases, the basal islet workload will also increase. Two weeks of clamping plasma glucose concentrations at Ն250 mg/dl in four 50% pancreatectomized dogs with multiple daily injections of glucagon were required to induce severe, persistent hyperglycemia, hypoinsulinemia, insulin resistance, and elevated plasma glucagon concentrations (17) . Notably, the remaining islets of these dogs had diminished ␤-cell mass but normal glucagon immunoreactivity. Under these circumstances, it was not possible to determine the direct cause of the hyperglucagonemia or its contribution to the consequent diabetes. To simulate the increases in EGP associated with hepatic insulin resistance in otherwise normal, healthy rats, the CIGI model was utilized. By using two separate venous lines connected to a dual channel swivel, blood sampling could be maintained from one catheter while constant infusion was maintained through the other for Յ10 days. An advantage of this model is the lack of underlying hyperlipidemia, hypercorticosteronemia, obesity, islet deficiency (from partial pancreatectomy), isolated ␤-cell deficiency, impaired leptin signaling, or other genetic abnormalities present in other models used to study the early stages of T2D.
Other laboratories have demonstrated similar adaptive physiology over the first 2-4 days of chronic glucose infusion in normal rats (20, 40, 41) . Hager et al. (15) showed diminished insulin sensitivity on day 3 relative to day 0, and although we could not directly compare insulin sensitivity during glucose infusion to day 0 before glucose infusion was begun, our data are consistent with these findings. Similar to our study, other groups have shown that adaptation to glucose infusion gradually diminishes plasma glucose concentrations and concomitantly decreases plasma insulin concentrations, suggesting improved insulin sensitivity between days 1 and 4, whether related to increases in the rate of glucose disposal or decreases in the rate of glucose appearance. Loss of glucose homeostasis by day 8 of the infusion was accompanied by increases in EGP, glucose, and insulin, suggesting that either increased hepatic insulin resistance or an alternative insulin-independent gluconeogenic pathway was activated. Because within 6 h of antiglucagon antibody treatment EGP was suppressed and glucose and insulin had returned to their day 4 levels, our data suggest the latter possibility. This is further supported by suppressed ketogenesis ( Table 1 ) and downregulation of PEPCK-C (Fig. 6 , C, E, and F) indicating that at least some pathways of hepatic insulin signaling remained intact.
Modest reversible impairments in glucose-stimulated insulin secretion have also been observed in vitro during pancreatic perfusions in short-term glucose-infused rats (9, 11, (22) (23) (24) (25) . Of note, on day 4 of our study the CIGI-high rats had increased insulin secretion in vivo during an IVGTT compared with those on day 0, and no decrement was measured between days 4 and 8 (Fig. 4, B-E) . Indeed, rats showed a trend toward increased insulin secretion during the IVGTT on day 8 relative to day 4. Although ␤-cell function is clearly inadequate to maintain euglycemia by day 8, our data imply that this is not the result of absolute failure of glucose-stimulated insulin secretion by the ␤-cell.
Following a pattern similar to that demonstrated by other laboratories (22, 23, 40, 41) , after the initial adaptive phase, both CIGI-high and -low rats reached a new steady-state plasma glucose that was indistinguishable from each other ( Fig. 2A) . The CIGI-low rats maintained this new steady state throughout the duration of the glucose infusion, whereas the CIGI-high group became increasingly hyperglycemic despite identical static and dynamic insulin secretion. Although it is clear that hyperglycemia is injurious to many tissues, in principle, since hyperglycemia is the hallmark that diabetes has already occurred, some prior insult or deficiency is necessary to beget hyperglycemia. Comparison between days 4 and 8 of the CIGI-high rats was instructive. Day 4 represents a time of gradual improvement in glucose homeostasis, whereas day 8 marks the point of worsening for the majority of the rats. Surprisingly, there was no decrement in fasting plasma insulin concentrations between days 4 and 8. The identical insulin response (above baseline) to the same glucose challenge during the IVGTT on days 0, 4, and 8 suggests that dynamic insulin secretion by the ␤-cells remained intact. It is not well understood whether the inability to normalize the plasma glucose concentration in the setting of increased appearance of glucose in the early stages of T2D represents true ␤-cell dysfunction or rather the presence of a different dose-response relationship. In our studies, whereas there was insufficient circulating insulin to maintain normal plasma glucose levels, insulin secretion did not decline when plasma glucose increased as the infusion continued (Fig. 3, A and B) nor increase when plasma glucose decreased after anti-glucagon antibody treatment (Fig. 7, A and  B) . Consequently, some level of responsiveness to changes in glucose was maintained in both stimulated and static insulin secretion. As anticipated because amylin is cosecreted with insulin, amylin levels also increased on days 4 and 8. Although there was a trend toward increased plasma amylin concentrations on day 8 of infusion, there was no significant difference, and the amylin/insulin ratios did not vary significantly. The lack of a change in these data between days 4 and 8 supports the notion that ␤-cell secretion remained robust at the time of glycemic decompensation.
Despite unchanged static and dynamic insulin secretion on day 8, rats became progressively more hyperglycemic, with striking increases in plasma glucagon concentrations and EGP. Glucagon dysregulation has been best studied in patients and animal models of type 1 diabetes, in which hyperglucagonemia is believed at least in part to result from loss of inhibition by endogenous insulin (34) . In the setting of low insulin, hyperglycemia paradoxically stimulates glucagon secretion (5, 21) . However, in our studies, hyperglycemia and hyperglucagonemia developed progressively in the setting of unchanged plasma insulin concentrations. We have now demonstrated that chronic glucose infusion can lead to hyperglucagonemia, but the mechanism of this in our model remains unknown. Although loss of insulin secretion does not appear to be the cause, other possible etiologies include altered intraislet signaling (e.g., GABA or zinc from the ␤-cell, glutamate from the ␣-cell, somatostatin from the ␦-cell), altered central or peripheral autonomic input (6, 8, 29) , or potentially ␣-cell insulin resistance. Although inappropriate control of glucagon release has been better characterized in type 1 diabetes, type 2 diabetic patients also have reduced suppression of glucagon secretion by hyperglycemia (42) and by a high carbohydrate load (31) via an unclear mechanism. In our studies, there was no difference in plasma corticosterone concentrations between days 4 and 8 (Table 1) , and both were lower than at the beginning of the study. Circulating catecholamines were not measured, but the reduced corticosterone argues against a systemic stress response. Because such hyperglucagonemia may be a key feature in the development of human diabetes, additional studies will be needed to clarify the mechanism of increased glucagon secretion.
Interfering with glucagon function prevents or corrects hyperglycemia in animals. Glucagon receptor knockout mice have lower blood glucose levels and improved glucose tolerance (12, 32) , and mice with impaired glucagon secretion are protected from high-fat diet-induced hyperglycemia (14) . Blocking the action of glucagon with an anti-glucagon antibody (13, 36) or an antisense oligonucleotide against the glucagon receptor (26) corrects hyperglycemia in diet-induced and genetic rodent models of diabetes. Similarly, in our studies, treatment with an anti-glucagon antibody restored plasma glucose to adaptive levels and reduced EGP by 60%. There was a reduction in plasma insulin levels as the plasma glucose concentrations fell; thus augmented insulin secretion cannot account for the improvement in glycemia. Glucagon can potentiate insulin release in different experimental settings, but the physiological relevance of this to our model is unclear. In principle, a reduction in glucagon-stimulated insulin secretion could potentially explain the reduced insulin levels following anti-glucagon antibody administration; however, a more likely explanation is an appropriate response of the ␤-cell to reduced EGP and plasma glucose.
Twenty-four hours after anti-glucagon antibody treatment, plasma glucose and insulin levels were identical to those on day 4. Since glucose infusion rate and plasma glucose and insulin were the same at each of these times, systemic insulin resistance cannot account for the development of hyperglycemia. Our data corroborate studies by Laury et al. (20) , who showed that an increased glucose infusion rate was necessary to continually lamp glucose at 170 mg/dl during a 4-day chronic glucose clamp in rats, implying improving whole body insulin sensitivity in these animals during the early days of infusion. The lower plasma transaminase levels in our animals rule out hepatic inflammation, and the reduction in plasma ␤-hydroxybutyrate between days 0 and 8 indicates that insulinmediated suppression of ketogenesis remains intact in the CIGI rats. Similarly, the reduction in plasma triglycerides and free fatty acids suggests intact insulin-mediated suppression of lipogenesis and argues against a role for lipotoxicity in islet dysfunction.
To investigate why EGP was elevated despite some evidence of normal hepatic insulin sensitivity, the hepatic expression of regulatory enzymes of gluconeogenesis was assessed. Neither glucose-6-phosphatase nor fructose-1,6-bisphosphatase mRNA (Fig. 6, A and B) changed significantly between days 4 and 8. In contrast and in keeping with preserved hepatic insulin signaling, PEPCK-C levels were progressively suppressed on days 4 and 8 as insulin levels climbed. The day 8 increase in EGP posed an apparent paradox since the enzymatic reaction catalyzed by PEPCK is essential for gluconeogenesis from the key gluconeogenic substrates such as lactate, alanine, glutamine, and pyruvate. Anti-glucagon antibody treatment did lead to a small but significant reduction in the already low PEPCK-C mRNA, but there was no change in protein expression. A potential explanation of the metabolic source of the increased gluconeogenic flux is the correlation of PEPCK-M expression with glucagon levels and with EGP. PEPCK-M is generally considered to be constitutively expressed in rodents and not under the influence of either glucagon or insulin. Whether the combination of insulin and glucagon or some other signal is able to alter PEPCK-M expression remains to be determined. Further studies will also be required to ascertain the relevance of PEPCK-M in glucose production, but the changes in the expression of this isoform suggest that it may play a previously unappreciated role in glucose homeostasis, just as it has been shown recently to play a key role in glucose sensing in the pancreatic ␤-cell (37) .
In summary, the CIGI-high rat provides a model system to study the effect of increased glucose load on islet function and glycemic control in the absence of other underlying abnormalities. A crucial insight from studying these otherwise healthy young rats is that neither loss of insulin secretion nor apparent increases in systemic insulin resistance were associated with the development of fasting and postprandial hyperglycemia. Importantly, although there were trends toward differences in liver glycogen, acyl-CoA, and triglycerides in glucose-infused rats compared with baseline (Fig. 5, A-C) , there were no differences between days 4 and 8, when the rats were progressing to worsening hyperglycemia. Simply an increased rate of glucose appearance from the continuous infusion of glucose was a sufficient insult to lead to loss of glucose homeostasis. Surprisingly, the increased workload on the ␤-cell was not associated with an absolute reduction in insulin secretion. Arguably, there may be a relative deficit in ␤-cell function, because the animals became increasingly hyperglycemic with unchanged insulin levels. The onset of hyperglycemia was associated with inappropriately elevated plasma glucagon concentrations, which were sufficient to increase EGP, leading to hyperglycemia. Blocking the action of glucagon in this model reversed the hyperglycemia, restrained EGP, and lowered plasma insulin concentrations. Further studies are warranted to investigate whether the increased EGP that is observed in humans as they progress to T2D is related to inappropriate glucagon release independent of insulin release and/or action.
